I. INTRODUCTION
SF 6 is required to gradually limit its use worldwide due to environmental issues. The proportion of SF 6 used in medium and low voltage equipment accounts for about 10% of the total electricity consumption. 1 Therefore, attention to the replacement of SF 6 in medium and low voltage equipment is also an important part of limiting its use.
At present, the main gas insulating media include natural gases (CO 2 , N 2 , air, etc.), SF 6 mixed gases, perfluorinated compounds and some other electronegative gases. [2] [3] [4] [5] [6] The environmentally friendly gas used in medium and low voltage equipment is mainly natural gas. Because the gas cost is low, the nature is stable, and it is harmless to the environment. However, due to the low insulation performance (about 30% to 40% of SF 6 ), the use in equipment needs to be achieved by increasing the gas pressure, increasing the size of the equipment or combining with solid insulation. C 6 F 12 O is a kind of material with excellent insulation performance. It is non-flammable, non-explosive and non-toxic. It has a boiling point of 49 ○ C (1 barr) and has no effect on the environment. It is commonly used as a fire suppressant material, 7 magnesium treatment and two-phase submerged cooling covering gas. 8 In the 145kV GIS electrical performance test, it is shown that the addition of C 6 F 12 O to the air can achieve the same dielectric strength as SF 6 . 9 The molecular formula of this substance is shown in Figure 1 .
J. D. Mantilla found that when the mixture of C5F 10 O, C 6 F 12 O with air is proportioned according to a certain ratio, the power frequency AC breakdown voltage of the mixture can reach three times that of air or carbon dioxide, although the breakdown voltage of SF 6 is not high under the same conditions. However, the insulation level of SF 6 at lower gas pressure can be achieved by increasing the gas pressure of the C5F 10 amount of C 6 F 12 O in the air has a significant improvement in the withstand voltage level under the lightning impulse voltage of the air. 10 Zhao studied the decomposition products of C 6 F 12 O/N 2 mixed gas and C 6 F 12 O/air mixed gas after corona discharge, and obtained more products after the corona discharge of C 6 F 12 O/N 2 mixed gas. 11 Previous studies have found that 3% C 6 F 12 O/N 2 mixed gas at atmospheric pressure is 1.7 times the pure N 2 breakdown voltage, which is equivalent to the breakdown voltage of 10% SF 6 /N 2 mixed gas. There is no breakdown voltage after 100 blows. Downtrend. The decomposition products of the mixed gas after breakdown are analyzed to obtain fluorocarbons such as CF 4 , C 2 F 6 , C 3 F 6 . 12, 13 Referring to Table I , considering the GWP, cost and toxicity, C 6 F 12 O is a good choice. Previous studies have found that C 6 F 12 O with N 2 mixed breakdowns are more likely to produce solid products, CO 2 is more suitable as a buffer gas. Previous studies have shown that C 6 F 12 O/CO 2 mixed gas with a gas pressure greater than 0.14 MPa and a mixing ratio greater than 4% has the potential to be used in 10kV switchgear and passed the factory withstand voltage test and type test. 15 Partial discharge occurs in the early stage of gas insulation equipment failure, and the development of partial discharge causes further deterioration of insulation. 16 Therefore, the partial discharge voltage of the gas insulating medium is also an important characteristic parameter for characterizing the gas insulation performance, and it is also one of the properties that must be investigated for the application of gas in equipment. In this paper, the partial discharge voltage of the mixed gas versus the pressure and the mixing ratio under the power frequency voltage is measured. At the same time, the difference between the positive and negative half cycles of the AC voltage and the mixing ratio and the pressure value are analyzed. II. EXPERIMENT Figure 2 shows the experimental platform, and Figure 3 is the schematic diagram of the measurement and recording of the partial discharge signal using the pulse current method. The main equipment is introduced as follows:
(1) Regulator: Model TEDGC-25, working voltage 380V, output voltage range 0-400V, rated power 50 kVA; (2) Test transformer: Model YDTW-50VA/100 kV, connected to the induction voltage regulator, the ratio is 1:250, the output voltage is 0∼100kV; (3) Resistor: R=10kΩ, which plays a protective role in the circuit; (4) Capacitor voltage divider: C1/C2=2nf/1μf, converting the experimental voltage with higher amplitude into the range value that can be directly measured by the voltmeter; (5) Discharge gas chamber: the electrode is installed and charged with the test gas, and the partial discharge or breakdown of the test gas under different electrodes is applied by applying a voltage, thereby detecting the gas insulation performance; (6) Coupling capacitance and non-inductive detection impedance: measuring partial discharge signal by pulse current method; (7) Digital storage oscilloscope: Tektronix DPO7104, bandwidth 1GHz, 4 acquisition channels, sampling rate 20GS/s.
The PD signal is generated under the electrode of the needle plate. The structure and dimensions of the electrode are shown in Figure 4 , wherein the electrode spacing is 15 mm. The electrodes are made of pure copper.
The experimental inflation step is roughly divided into the following steps:
(1) Cleaning the experimental device. Before each experiment, the inner wall of the tank and the artificial defect model are carefully cleaned with absolute ethanol to remove impurities and dust from the gas chamber. Avoiding these impurities, dust and residual decomposition products that may have adhered to the inner wall in the previous experiment will affect the experimental results. (2) The electrode model is placed in the discharge gas chamber, and the gas chamber is evacuated. The tank is repeatedly flushed through the CO 2 to ensure that the impurity gas in the previous gas chamber is fully discharged. After taking the vacuum again, it is allowed to stand for several hours to observe whether the airtightness of the gas chamber was good. If there is a leak in the gas chamber, it is necessary to re-detect the sealing port of the gas chamber. After reassembly, repeat the above steps. (3) Since C 6 F 12 O is liquid at normal temperature, it cannot be directly inflated. The C 6 F 12 O is inflated by vacuum vaporization, and the CO 2 is charged into the gas chamber through a high pressure gas cylinder.
The inflatable bottle of C 6 F 12 O is shown in Figure 5 . First, C 6 F 12 O is added to the gas cylinder (liquid) while the gas pressure in the discharge chamber is evacuated. Then, the gas bottle is connected to the discharge gas chamber, the switch is turned on, and the C 6 F 12 O is vaporized into a gas under the action of a vacuum, and the value of the barometer is continuously increased. The partial pressure of C 6 F 12 O in the mixed gas was determined according to Dalton's law of partial pressure (see Table II ). When the barometer value reaches the partial pressure value, turn off the gas inlet switch. Finally, CO 2 is charged, so that the gas pressure in the gas chamber reaches the pressure value required for the experiment. Before the experiment, the contents of the mixed gas water and oxygen in the gas chamber were measured to ensure that the micro water content was below 500 ppm and the micro oxygen content was below 2000 ppm before each experiment.
The gas pressure of the gas chamber in the medium and low pressure equipment is generally less than 0. 
III. RESULTS AND DISCUSSION
The partial discharge characteristics of the gas are also important parameters representing the gas insulation properties. The partial discharge inception voltage (PDIV) and the partial discharge extinction voltage (PDEV) of the mixed gas under a very uneven electric field (needle plate electrode) were measured experimentally. The positive and negative half-cycle PDIVs are distinguished by PDIV+ and PDIV-, respectively, and the positive and negative half-week PDEVs are distinguished by PDEV+ and PDEV-.
Before the start of the experiment, the pulse generator was used to calibrate the amplitude and apparent charge of the measured PD signal. The specific results are shown in Fig. 6 . Based on the results of the calibration and the experimental measurements, the voltage applied at the time of the occurrence of a 50 pC apparent charge partial discharge signal was used as the PDIV. Similarly, PDEV is the applied voltage when the 50pC apparent charge partial discharge signal disappears.
A. The development process of partial discharge
According to the recording of the partial discharge signal during the experimental measurement, as the voltage increases, the partial discharge signal appears first in the negative half cycle, and then the partial discharge signal appears in the positive half cycle, and the signal gradually increases. As the voltage decreases, the positive half cycle partial discharge signal gradually weakens until it disappears, and then the negative half cycle signal disappears. Throughout the experiment, the oscilloscope observes and records the waveform of the PD.
Taking the measurement process of 6% mixed gas at 0.2Mpa as an example, the partial discharge signal collected during the experiment is shown in Figure 7 . First, the voltage rises from 0kV to 14.7kV, and the partial discharge signal first appears in the negative half cycle. The maximum amplitude of the pulse signal measured at this time is about 5mV. Continue to increase the voltage to 22.8kV, the discharge signal amplitude is about 6mV in the positive half cycle, and the positive and negative half cycle discharge signals exist at the same time. When the voltage is increased to 30kV, a strong partial discharge signal appears in both positive and negative half cycles, and the discharge repetition rate also increases significantly. The maximum amplitude of the discharge pulse is about 18mV. Then start to reduce the applied voltage value to 18.5kV, the PD signal of the positive half cycle disappears first, and the PD signal of the negative half cycle also weakens. Continue to reduce the voltage negative half cycle of the partial discharge signal disappeared until the voltage is 12.8kV discharge signal completely disappears.
Taking 6% C 6 F 12 O and CO 2 mixed gas as an example, PDIV and PDEV are shown in Figure 8 at 0.10Mpa∼0.20Mpa. It can be seen from Figure 8 that PDIV is higher than PDEV when the voltage polarities are the same, and the difference is within 2 kV. The positive half cycle discharge voltage is significantly higher than the negative half cycle discharge voltage, and PDIV+ is greater than PDIV-at the same pressure, and PDEV+ is greater than PDEV-. Under the same conditions, the partial discharge voltages are in descending order: PDIV+, PDEV+, PDIV-, PDEV-. The experiment was repeated 5 times, the points in the figure are average, and the error bars are standard deviation.
In contrast to the difference in the polarity of the applied voltage, partial discharge is more likely to occur in the negative half cycle due to the difference in the effect of space charge during discharge. When the voltage is in the positive half cycle, the needle electrode is positive polarity and the plate electrode is negative polarity. The field strength near the needle electrode is significantly higher than other regions. After the gas is ionized, most of the electrons enter the needle electrode. Since the charged positive ions move relatively slowly near the needle electrode, the direction of the field strength formed by the needle electrode is opposite to the direction of the external field strength, so that the field strength near the needle electrode is weakened, thereby increasing the voltage value at which the discharge starts. When the voltage is in the negative half cycle, after ionization occurs, the electrons move rapidly toward the plate electrode. The direction of the electric field formed by the positive ions staying near the needle electrode is the same as the direction of the external electric field, so that the field strength near the needle electrode is increased, and partial discharge is more likely to occur.
When the voltage polarity is the same, the starting voltage is higher than the extinguishing voltage. According to the conditions of self-sustained discharge of gas in the theory of streamer, in the formation process of partial discharge, it is necessary to accumulate sufficient ionization process to form a relatively large current. The current to maintain the streamer is much smaller than the current value that causes the discharge. Therefore, it is necessary to lower the voltage value in order to significantly reduce the current of its selfsustaining discharge, thereby extinguishing the formed streamer.
B. PDIV
The variation of the PDIV of the mixed gas with the gas pressure is shown in Figure 9 . Regarding pure CO 2 , its PDIV is very close to the breakdown voltage (the difference is less than 1 kV). Taking into account the measurement error and the randomness of the discharge, the oscilloscope is prevented from being damaged during the measurement process, so the measurement of the partial discharge voltage is not performed. The breakdown voltage of pure CO 2 at 0.2 MPa is 14.2 kV, which is much less than the breakdown voltage of 2% mixed gas of about 37.5 kV.
It can be seen from Figure 9 that under the same conditions, PDIV-is much smaller than PDIV+, and the difference between the two is above 4kV, and the difference gradually increases with the ARTICLE scitation.org/journal/adv increase of the pressure. As the pressure increased, both PDIV-and PDIV+ showed a significant increase. As the mixing ratio of C 6 F 12 O increases, the initial discharge voltage also gradually increases, but as the mixing ratio increases, the growth rate gradually decreases. When the gas pressure is less than 0.14 MPa, the change of the mixing ratio has little effect on the PDIV, so at a lower pressure, increasing the mixing ratio does not significantly improve the partial discharge characteristics of the mixed gas.
C. PDEV
The PDEV characteristics of the mixed gas are not much different from those of PDIV. The variation of the PDEV of the mixed gas with the gas pressure is shown in Fig. 10 . Under the same conditions, PDEV-is much smaller than PDEV+. As the pressure increased, both PDEV-and PDEV+ showed a significant increase. In the case of positive polarity, the growth rate of PDEV decreases when the gas pressure is greater than 0.16 MPa, especially when the mixing ratio is 6% and 4%. At the negative polarity, PDEV almost linearly increases with other increases. Compared with PDIV, PDEV has almost a linear relationship with the increase of the mixing ratio, and is not affected by the pressure.
D. Comparison of partial discharge voltage and breakdown voltage
The comparison of PDIV and PDEV with breakdown voltage is shown in Figure 11 . As the pressure value increases, the difference between the partial discharge voltage and the breakdown voltage increases slightly. The difference between the mixed gas PDIV and the breakdown voltage at 0.10 MPa is about 15 kV, and the difference gradually increases as the gas pressure increases, which provides a premise for its application in the equipment.
Potential faults in the equipment can be effectively avoided by detecting partial discharge signals. For pure CO 2 , PDIV is very close to the breakdown voltage, and it is easy to directly cause breakdown of the device due to partial discharge inside the device. From the comparison of the difference between PDIV and breakdown voltage, the mixed gas is more advantageous than the application of CO 2 in the equipment.
IV. CONCLUSION
In this paper, the breakdown voltage and partial discharge voltage of C 6 F 12 O/CO 2 mixed gas under power frequency AC voltage are measured experimentally. The main conclusions obtained are as follows:
(1) Under the same conditions, PDIV-is much smaller than PDIV+, and the difference between the two is above 4kV, and the difference gradually increases with the increase of gas pressure. When the gas pressure is less than 0.14 MPa, the change in the mixing ratio has little effect on PDIV. (2) Under the same conditions, PDEV-is much smaller than PDEV+. As the gas pressure increased, both PDEV-and PDEV+ showed a significant increase. Compared with PDIV,
